.Abstract -The design, construction, and experimental test results of a mechanically tunable Gnnn oscillator using a recessed diode metaf coaxial cavity coupled to an image fine wavegnide is described. The oscillator frequency was changed by about lo-percent by varying the bias post length into the coaxial structure. The oscillator is designed so that troth the Gunn diode and resonant cavity can be quickly replaced to provide extended freqnency coverage and efficiency. Tlris Gunn diode oscillator has provided up to 15.mW CW power at 60 G!fz with 10-percent tuning range.
In the following, a development is reported which shows how an oscillator can be integrated into image line subsystems with useable power output and good mechanical tuneability.
The millimeter-wave oscillator is designed around a recessed coaxial air-filled metal cavity which is coupled to a dielectric image line. The physical design incorporates a replaceable oscillator coaxial cavity and a structure with a replaceable Gunn diode, as shown in Fig. 1 . Manuscript received May 23, 1983; revised August 3, 1983 . The authors are with the U.S. Army Electronics Technology and Devices Laboratory, ERADCOM, Fort Monmouth, NJ 07703.
II. OSCILLATOR PHYSICAL DESIGN
The circuit as shown in Fig. 1 consists of a brass body 1.5 in long by 0.75 in wide and 0.5 in thick. The Gunn diode is threaded into a smooth brass cylinder which is inserted in the bottom of the brass body to form a resonant cavity. A brass post (0.025-in diameter) is threaded through the tuning top disk mounted on the top of the image line and through a 0.050-in-diameter hole in the dielectric. This provides a means of coupling up from the metal cavity into the image line waveguide. The dc bias voltage is applied to the top tuning disk through the tuning rod to the Gunn diode as shown in Fig. 2 . Through the use of this tuning arrangement, the cavity height is variable (as tested) from 0.015 to 0.100 in over which a wide tuning range can be realized. The oscillator resonant (metal) cavity is shown in Fig. 2 . The output is coupled through a narrowed opening at the top of a metal cavity into a hole of 0,050-in diameter in the alumina material which forms the image guide structure. A metal disk (0.120-in diameter) cemented to the top of the dielectric (alumina) serves as a bias connection, tuning screw mounted for the bias post, and prevents extraneous radiation from the dielectric by providing a top wall for the metal cavity. The alumina guide is 0.120 in wide, 0.040 in thick, and 1.0 in long. The wave is coupled ideally into the alumina guide in the form of the Elly mode. The alumina end is tapered for impedance matching into a metal waveguide structure for test and evaluation.
Although not shown on Fig. 1 , a 100-pF chip capacitor was mounted between the top tuning disk and ground.
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The lRe Zgl is generally less than 8 Q, so that R~has to be fairly large for the lRe Z~l to be small enough for IV.
EXPERIMENTAL DESIGN AND PERFORMANCE
In the design of image line oscillators, there are inherent difficulties. In one approach [5] , the diode is imbedded in a hole in the dielectric and fastened to a metal base common to both the diode and the dielectric waveguide (Fig. 4) . The oscillator configuration, as shown, does not have any means of tuning; hence, neither power nor frequency could be changed except through external load impedance matching. In most cases, external matching is bulky and unpredictable, and thus is undesirable.
In the device described in this report, the cavity height is accurately controlled to assure a predictable and close control of both power and frequency. The resonant cavity which is imbedded in a metal walled cylinder with the diode located at the bottom ( In examining these figures, the following conclusions appear. The highest power was obtained from the smallest diameter (0.156 in) cavity. In all three sizes, the highest power peaks occurred in the range of 0.060 to 0.083-in cavity height. For any of the structures and with a given diode, the capability of being able to mechanically tune is essential to obtain useable power levels. showed a nearly linear change in frequency with change in cavity height over a relatively broad range of tuning distance (almost 10-percent change in frequency). A summary of the data is shown in Table I . Reference is made to the first three rows. Two power peaks were d+e+T=~A.
The center rod (bias post) is surrounded by air from the coaxial cylinder base to the bottom reflecting surface of the tuning disk. By (4), for oscillator G6-1, one obtains a total cavity height of CAVITT HEIGHT((l (l ACHiS, IO"$) Fig. 9 . Gunn oscillator G6-4 using 0.156-in cavity and 0.040-in metallized quartz waveguide, power and frequency versus cavity height, tested also had first power peaks at frequencies where (4) is in good agreement. For second power peak, (4) does not hold for the larger cavity height d. The second power peaks occur at progressively lower frequencies as cavity diameter a is increased from 0.156 to 0.250 in. The oscillator, using three different cavities designated as G6-1, G6-2, and G6-3 used the same Gunn diode (power specifications indicated above). In the test of structure G6-4, the same cavity diameter (0.156 in) was used as G6-1, but instead of using Al~0~, a metallized CrAu quartz dielectric was used to form an external metal cavity around the dielectric. This metallized quartz cavity is the type reported by Chang [1].
The uncoated front side provided coupling into the quartz image line. Two things are different from the other configurations, namely, quartz is used instead of Al~0~, and metallization of the upper quartz surface is used as the transformer rather than the disk. Two power peaks were still obtained. The first was at d = 0.045 in, which is similar to the previous three cases. The second peak occurred at 0.088 in. In this case, unlike the previous three tests, a higher power (8.3 mW) was obtained at the smaller cavity height as compared to 5 mW at the larger cavity height. This test was done with a second InP Gunn diode but with similar characteristics to the first diode. Results indicate that tuning is facilitated by changes in the coaxial cylinder height. The fifth and sixth rows in Table I refer to data obtained with a third Gunn diode with similar electrical characteristics to the previous diodes mentioned, although plots of power and frequency versus cavi~y height are not provided. The diameter of the coaxial cavity was again 0.250 in so oscillator configurations G5-5 andG4-5 can be compared with G6-3. We note that the first power peak occurs at nearly +A as in the first three cases. Also, note structures G5-5 used a dielectric runner of 1.02-mm thickness and G4-5 used a runner of 0.5-mm thickness. The output powers are in the same order of magnitude. The primary source of energy is in the metal coaxial cavity.
Measurements were also made of the external Q of oscillator G6-1. The test setup for these measurements using injection locking is shown in Fig. 10 . Results of these tests using oscillator G6-1 with the smallest diameter cavity (0.156 in), are shown in Table II . Q,XI was found to depend on the depth of insertion of the dielectric into the metal waveguide (i.e., coupling from the dielectric waveguide to the rectangulm metal guide). For these measurements, the dielectric insertion was adjusted so that maximum power transfer was obtained for a given bias voltage of -7.7 V.
Successive measurements were made using injection power (P,) and oscillator power (PO,C) levels as shown in Table II. The range of Q,X, varied from 352 to 646.
The equations [6] used in the calculations for Q=X, are as follows: (5) where~. is the center frequency, A~is the full locking bandwidth, P, is the input power, and P. is the oscillator power. We shall use their basic approach and apply it to the Gunn diode in a recessed coaxial metal structure (Fig. 2) . The equivalent circuit is shown in Fig. 3 , where -R is the negative resistance of the diode, Cj is the junction capacitance, LP is the package inductance = 0.15 nH, CP is the package capacitance = 0.12 pF, Z~is the transformed load impedance, and 2: is the diode impedance.
Here, R~is the load resistance which the diode package sees as transformed by the coaxial cavity and image guide. It consists of a coaxial line with a cavity exit (iris) just under the Al~03 image guide , (Figs. 2 and 5 ). Above the iris is a second cavity which is covered with a metal disk located above the alumina waveguide. The energy then propagates down the A1203 into free space or into the metal waveguide used for measurement of power and frequency. We shall assume that for optimum power transfer, the load R~that the diode package sees is real. In some cases, the load is not purely resistive as shown, but using the assumption of resistive load one can gain some insight into mechanisms which are occurring.
With reference to By (A4), we require Re Z~to be small for the onset of oscillation.
Hence, a large R~offers a practical approach. We can look upon this oscillator as a diode feeding into a coaxial line cavity. To do this, consider Fig. 5 . The impedance of the coaxial line is calculated using (Bl) [7] , and tabulated in Table III as ZO=~loglO~, fort,=l. er c
The dielectric image line with a 0.050-in-diameter hole provides some further guidance to the TEM wave with the top disk acting as a reflecting wall. The top disk also serves as a resonant transformer to launch the electromagnetic energy laterally into the dielectric waveguide in the Ell y mode. At resonance, a 1A coaxial structure exists from the bottom of the coaxial cavity to the bottom of the top disk, the distance being 0.042 in+ 0.015 in i-0.040 in= 0.097 in or 2.5 mm for 60 GHz, where cavity height d = 0.042 in, metal lip (iris) e = 0.015 in, and the dielectric thickness T= 0.040 in. 
